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overheating. The magnet lifting forced 1s maintained due to
the magnetic circuit hysteresis. During “Drop”, reverse volt-
age 1s applied brietly to demagnetize the lifting magnet. At the
end of the “Lift” and the “Drop”, most of the lifting magnet
energy 1s returned to the line source. A logic controller con-
trols current and voltage of the magnet and calculates the
magnet’s temperature. In one embodiment, a “Sweep” switch
1s provided to allow reduction of the magnet power to prevent

attraction to the bottom or walls of magnetic rail cars or
containers.

15 Claims, 20 Drawing Sheets

Alarm relay ocutput

—= Trip relay cutput

7

DC RKegulated
Power Supply

¥=-| regulation
FTring clrcuits

[ |

L)

=

Jor a2 1 76F

fof | 705 | 106

D

L,
460V L
ac T

oo

EA

s R

72 Fr7 Fro

fog 708 707

’—\L/_..q.jmng +

'l._\]

Pasltive Bridge

250

Negative Bridge 11

257




US 8,004,814 B2

Page 2
U.S. PATENT DOCUMENTS P 09142770 A 6/1997

5,905,624 A * 5/1999 Andreicaetal. .............. 361/144 Jg gggi;ggéé% i iégggi

6,088,210 A 7/2000 Goodman

6,710,574 B2  3/2004 Davis et al. WO WO 2009/086171 7/2009

7,461,569 B2* 12/2008 Bianchi .....ccccoovvivvviiniin, 74/335

7.495.879 B2* 2/2009 Thextonetal. ............... 361/144 OTHER PUBI ICATIONS

7,697,253 Bl 4/2010 Maraval
2005/0094345 Al 5/2005  Pollock et al. Notice of Allowance dated Dec. 2, 2009 from Related U.S. Appl. No.
2008/0143260 Al 6/2008 Tuymer et al. /
2009/0160590 Al 6/2009 Maraval et al. 11/757,304.
2009/0161284 Al 6/2009 Maraval International Search Report from PCT/US2008/087785, Apr. 6,

FOREIGN PATENT DOCUMENTS

DE 2610781 Al
JP 05343222 A

9/1977
12/1993

2009, 5 pages.

* cited by examiner



U.S. Patent Aug. 23, 2011 Sheet 1 of 20 US 8,004,814 B2

Bridge
Hot rail
Travel Travel
—~ |ROLLEY-—= BRIDGE
(U " = (U
797 790
797
J 017 O _Jiii
Trolley
‘ Hot rail
J 713
Load
Overhead
Crane

FG. 1



U.S. Patent Aug. 23, 2011 Sheet 2 of 20 US 8,004,814 B2

/97

/

- Alarm relay output

260 700

Operator Logic

Inpuft Controller - Trip relay output
Commands (LC)

Controls

774
eIk

M
460V _---I- ;
DO S B | ;
--. /0% /675’ Vi 70/ Vi I
_A_‘ ) —
/72 67
k Pos’i’rivev Bridge J | Nega’rivg Bridge J 773
S 5
250 257

FIG. Z2A



U.S. Patent Aug. 23, 2011 Sheet 3 of 20 US 8,004,814 B2

/00

~ Alarm relay output
Operator Logic

Inpuft Controller - Trip relay output
Commands (LC)

Controls

V—I| regulation
Firing circuits

400

DC Regulated
Power Supply

5y
\ / O+
Aﬁ&ﬂ

M
ooy _---I :
e e T T A

-- 709 f

_
Positive Bridge Negative Bridge 7775
5 B
250 257

FIG. 2B



U.S. Patent Aug. 23, 2011 Sheet 4 of 20 US 8,004,814 B2

Cable T ~ Cable
=

302 S07 302

FiG. 5
DC Fguivalent Circuit



U.S. Patent Aug. 23, 2011 Sheet 5 of 20 US 8,004,814 B2

b
FIG. 4A -1
/ |
™ — e — — —— —
/ 1
/
[
0 1 2 5 Time
' -
Lift Hold Drop
Voltage
— — —  Current
|
- _‘t
\
- \
\
/ \
\ —
O 1 2 5 | _4 _ Time
|
v -
Lift Hold Drop
Voltage

— e ——  (Current



U.S. Patent Aug. 23, 2011 Sheet 6 of 20 US 8,004,814 B2

Initial Step

Transition

Step

IG. 5



U.S. Patent Aug. 23, 2011 Sheet 7 of 20 US 8,004,814 B2

10 Main

FIG. 6
Main SFC



U.S. Patent Aug. 23, 2011 Sheet 8 of 20 US 8,004,814 B2

21 Ready
X20
22 Run Off
X20
}7 Send Command Done
23 Voltage Selection 1 Off

X2
J }7 Send Command Done

24 Negative Bridge Off

X20

5 Send Command Done

27

Done

X20

HG. 7
Ready SFC



U.S. Patent Aug. 23, 2011 Sheet 9 of 20

US 8,004,814 B2

31 Lift
—1 X30
32 Run On
B0 | }7 Send Command Done
35 Negative Bridge Off \
B0 JI Send Command Done

X30

36 Voltage Selection 1 Off \

T 5 Send Command Done

1 5 SWEE?

1 g SWEEP

230 i }’ Send Command Done

J[ | 30
Send Command Done

62 Voltage Selection 2 Off 63 Voltage Selection 2 On \

64

Current Limit

Selection 2 Off

Z30 i J Send Command Done

JI | 4 x30
Send Command Done

65

Current Limit

Selection 2 On

34

Done

— X30

FiG. &

Lift SFC



U.S. Patent Aug. 23, 2011 Sheet 10 of 20 US 8,004,814 B2

4 Hold
X40
|

¥ Voltage Selection 1 On

X0 1 J[ Send Command Done
¥ Run On

X40 - J Send Command Done
4 Negative Bridge Off

X40 - J Send Command Done
E Ready

# Calculate Resistance

J Calculation Done

FIG. 9
Hold SFC

X40 ——




U.S. Patent Aug. 23, 2011 Sheet 11 of 20 US 8,004,814 B2

51

Drop

X50

>2 Negative Bridge On

A Send Command Done

X50

> Voltage Selection 1 Off

X50

A Send Command Done

54

Done

X50

FIG. 10




US 8,004,814 B2

Sheet 12 of 20

Aug. 23, 2011

U.S. Patent

1oUGDINT

1101]22]2G I5DIJOA A1PGNG 1oMO] PaIDINGaN (]
[1 OI4

10f 28Dj0A

10122]2G 25p1ig

::O: ﬁ:m

| ank

|, 2oud12)2y] 23DJOA

¢ 20U2122}] 23DIJOA

-
O [
= ™
o I o 0
-
- B
nmlc o I
™N
o
-

7 U01102]2S 25DYOA

7 20U212J2Y] 28DIJOA

[ U01192]2S 5DIJOA

[ 20U212{2)] 25D710A

> [DULION




101199]28' JUdLINY) A1GJgNG 1omO] PAIDINSDY (]
ClOlA

US 8,004,814 B2

23p1iq aa1}p3au 0]
) JuaLnn

23p14q 24171504 10f
7 J1L1] JU2LINTY

jury aspug
2A11DE2 -
S 1IDGIN]
-~
S «
en
M,. JoUSDIN _
2@ 10/ quaLinn
7 B
O ]
nuir] 25pug
- 2417180 /
S O ()
o -
3
oh
=
-«

7 10130223
J1l) JuaLIn)

23p14q 24171804 10f
11 JuaLn”

U.S. Patent

v doi(]

Foamg

JDULION]

> PIo] pup 3]




US 8,004,814 B2

Sheet 14 of 20

Aug. 23, 2011

U.S. Patent

oo’/

UdJILIM UIYM

sa5uUPY") 240G [
$23UDY ") 24DG
PPy
autjuQ)

aunfjo

| |:|

o

o
L .
r
O
=Y

P

&1 OlA

$05DSSAUL PUD $2POJ 10412 UOIDIOIUNIIIOT)

ClE/

 [sw]| Qog] ppaserug jogony
I $S2PPY dALY(]

//5/ < [sw]| ooo1| 1moawr] uoissnusupiy

[sw]| 0001 | 1noauwii] u01192ULUO")

PELOL &I (61| 9594PPV dl

.

JoUIaY]2 10 1D1428 12241D JO 201047

204§ | wpidoy] | AGieusy | suopiag()

[suu] g IpALaIU] 7j0JoIny
| 1] ssappyasuqg

A OO N@ M “NQUONOL.,&

= SWNOD | # Hod

10JIUOIN]

0/5/
— [ _wi] o

21D]J/219914(] A 9n1e§ o1spg \ ¢njag wiuion)




US 8,004,814 B2

Sheet 15 of 20

Aug. 23, 2011

gl Old

U.S. Patent

SuiYo _H_ 20UD]S1$2Y] 2]GD7) 01°/0

gor/ SO 4 7 JU10J 39S 1L 20UDISISDY 60°/0

SUUYO 4 7 JU10J 10§ ULID]Y 0UD]SISTY] 90°/0

YSydwy uIDjg ul $apoa "PEO%9 _H_ ouiL], upa]Q, d04J CI9l

10112 UODIUTIULLON SpueI2s 4 7 u], 3o, Y] [191]
squtp 4 7 mm§a> juarinny QEQ 071G mmo
'paydaYd 81 X0q  U2I 1L . S
o $o8umn 94, oS sy | | wiopdua 6091 S
J1J$s200nG sj04 | | a8D10A dwouoay  g09] S

21 SS9 Qsﬁ%sé Uog LM Ut sup | | pu] juaundy r7 - /091

PAADS JOU 2D SAFUDY") sofupyr) oapg [ 1o BTN T 0Ol

$pucIas 4 7 awL], upalD), Go4(] clsl

SIHUDYD) 2405 spuosos [ ] out], g, Y1 TSI
SGwp 2GDIJOA 1u24n) do4(] 0T°ST WW
ety | [ ] bl I
.\O Mw.ﬁm.h w1} au() §1j04 _H_ QMEND A aﬁotoum Q0°ST WW.._
Ul sup | | ] aun Y LSl )

"UOLPIUNIWIOD TUDPISUO) ; .._ |
10 2UUO ULD]SAS $20D] ] 51104 4 7 PDIOA Y¥] 90°s1
‘aun/fo waysds sayp | U0 w squy 4 7 juoLinn’) pIo7) §IS1
| ) sIU() MDA U01IG1I8a(]  $I3}aUDID ]
aunfln - pay
mENnN%@EW 16 [ 07p007 ) :Qunoag a1ngS | wpidpi] | ASuowy | suoypiag() | 1011u0lN | 21D1J/219q14(] \ ¢niag oispg ) gnjas wauon)




US 8,004,814 B2

Sheet 16 of 20

Aug. 23, 2011

U.S. Patent

Sl OIH

| '$a1p]q 1amaf gn yod 0y
jLO1ODSUDA] 10¢ D yjim paysnipp aq
[nfssaoong upa 2503704 11 ay |

UM UIYM
Sa5UPY") 24DS

_ $2FUDY") 2ADG _
‘ PPy _

‘BUIAOWL §UD]S BUDLD 2Y]
J1 a3p3)04 pjoy ayy s3sooq
OPLUAA() da]]0L] fopLig

:4114n22G

oos/

57704 _||H_ a3D1J0A 11T paisnipy 1agariotjuaio ] [0°9]

83704 _HI_ 25D3JOA ,PIOH, Lwouoary Q07T

- O Y] paisnipy lojouionualod 67|

— O IpLUBAQ) daj0L T jpdpug Q uond()  [Z'9]

$7704 _ _ § 12824 25D1J0A § UOLG() 0297

$7]04 4 _ } 12821 ] 23D]J0A Q UORG() 61°9]

s7704 | 4 ¢ 12824 25D1J0A 9 UOLIG() 91'9T
$7]04 |||U 7 12824 J 93D3]0A 9 UOLG() /19T -
$7704 _ |_ [ 18824 25D1JOA 9 UOLIG() 01'9] Mm

SPU0D2S _HH|_ dpja(q 1uawgsnipy 2803504 9 uong(y 07°ST

soa [ ] ISTUPY 25DJ0A 9 40 ‘Spuod)  6]'¢T

pu02as 1aq sjjos | | DY GUP 21qq]  91S]

] uwondO amdRI9qHa  HISI

spufn) aNIDA UOLIGLOS(]  $i9]2WUDID ]

2104S | wpidpyq | &Giouy | suoypiad() } J0JIUOJA] %&Em\mzﬁ.ﬁ gnjag o1spg A dnjog wiwoy)




US 8,004,814 B2

91 Ol

2IDgS | wpidpy | Adiaury

[ 0427 ) :£Gunoag

SUO01IDIG()

10]1UOIN]

210]J/219q14(] \ ¢mas 18P A ¢n3ag uaon)

103207 DOV
,, &ﬁwﬁhﬂh GoA(T SnIDIQ FUIIDIG()
007 ‘Y1 “Apray 019/
G1L] 10 ULID]Y 2in)DI2GWD | 5091 30 _H_ (yapapy a4 101
$9pod GLLL wo/ffo [ ] Py 1180
uo / ffo | ow)d /21994 - 014 0180
S uo / {fo | Qojjos1fodpug - 64 60'80 -
S HOoDSHDY 0 / ffo | doomg-gd 8080 =
nf8$220nG “
- — uo / fo | qouT-/1  L0°SO
2 gmhgo @.‘wm = uo / {fo | WrT-94 9080
= 009/ do - .
7 uo / jfo | UGS -1 5080
m w/ffo [ ] UGS -41 080
_ | (Letmones ) s si S0
= uo / ffo | oGS -7d 7080
|
s | L] o4 , - 10
g |
b SUIYO 20UD]8182Y] 19USDIN L1°€0
< ID §7]04 28DIJOA INGU] 90°/0
shup [ ] JuaLn) ImInQ - 70°S0
__mo op , AoA D 40
] s aNIDA UONGIIIS2(]  SI2]AWDID ]
X ||

U.S. Patent



Ll Old

oWl G)-10M0] 105y | e

S19UL ] SUOLIDIG() 1959y

~ 4311} g[)-1amoJ KJuo 153y

e — Juo s1w1] UOIDIAGO $12STY

/ £Ju0 $193UN0I $1283Y]

US 8,004,814 B2

$127UN0") SUOIIDIAG() J2SDY

—

&

= jUO011ODSUDI]

o 1nJ$59901G SS ULYY _H_ ouil qo.(] ‘ A

g B Uy sswy | UL, uouoed 5

= sasupy() 24v§ [ o0/ / $§“ LU YY 4 4 awt] iy ‘ =

o

_H_ $U01D42G() . &

_ S95UDYD) DS swwyy [ | ouit | douc] . >

= suuyy [ g dwowory 3

5 L] S — wiy L2

m..w_ 7 7 SUO1IDIAG() . &-

<« E 219q1U(T “‘Go4(] ‘02 ‘YT SS"LUUL Y 4 4 Uil | G[)-4amoJ 130, "

- UO1D12GO

e onow fo oy, ——= SWwH [ o] wonpido prof,
= ] uoypiadQ [P

_U (GoaMG + JPULION - s INIDA UOLGLIISA(]  S42]oWDID ]

(4] ) Aunsag aingG | wnidpy] | Aiausy )\ suonpiag() | 1071uo | 21p1]/219G1(] \ ¢n3ag 218pg ) ¢njag wiauon)

U.S. Patent



US 8,004,814 B2

Sheet 19 of 20

Aug. 23, 2011

U.S. Patent

jU0110DSUD L]
nJssaoong

UdJJ1IM UIYM

sasupy™y 2ap§ ]

$2ZUDYT) 24DS

ouIuQ

008/

M0Jaq
Palajua DiLaJLL)

§1 OlA

1O P2spq 23DS[) -

23D W2YSAS JUILINTY -

EEERETE

(X°Xx) $pL00as 4 4 QuL] GoL(T -
(X°XX) $pU022S _H awiy Yry mo S
57704 _H quir ] Kwouosy <= §
| =
sjj04 | | 23D]J0A PIOH 2 S
moe | | ZIONTS 3
(Xx°XX) SO _H anIDA 1038182Y] Suiddol(]
(x'XX) $pL092s _H auil ] doi(] z Wa
(X'XX) $p022s _H_ awi] Y m m.
o — oo g
o [ soorpon B§
] — o
Y — o Gy
¢ 4 4 LO8/ scu1apg AGsour .
IHMY _H SSUIADG AG1au7] )
- MY _H_ 28ps() d8iawr waysdS snotdas g .
IHMY 4 — 4 29ps() d31ug .
spun aNDA UOI}GLISa(]  S12JAULDID ]

24DgS | wpidpy] A Adious] ) suonpiag()

J0JIUOIA]

210) J/219qi(] ) Gnias 218pg | gniag wiwon)




61 OlA

US 8,004,814 B2

ouitf, upa]) | 1
doi(] _ APOIN SulpLaG() PAPPUDIS
60°S ] 4010Wpip ]
A
7['C 1230WDID ]
JUBLINTT) e e e d
0.
- 253D1J0A .
= jLL0120DSUDL]
- nf$§309ng ———-
S [ it ], 4 S A ¥ ¢ ¢ —
> U2JJLIM UIYM - 1 _
= sagupy’) 24ap§ [ \
(] G 4212ULDID ] f \
7 | |
= L
= | —_—— 1 L — / W
S I |
¢ 00°S[ 4272WDID ] L—o—
b
M E /0°S] 4279uDiD
| U _ '
[ o ] M S

Q0S| 4210WDID ]

_U [7°CT 4230WDiD ]
- (od2] ) Ajunoag 24D¢S \ widvy] ) Adiouz] ) suoupiag() \ L0jIUOIN A 21D]d/01qqLiC] A Gnias oispg A ¢njaS wio))

U.S. Patent



US 8,004,814 B2

1

METHOD AND APPARATUS FOR
CONTROLLING A LIFTING MAGNE'T
SUPPLIED WITH AN AC SOURCE

REFERENCE TO RELATED APPLICATTONS

The present application 1s a continuation-in-part of claims
priority from U.S. Application No. 61/066,121, filed Dec. 19,
2007, itled “METHOD FOR CONTROLLING A LIFTING
MAGNET SUPPLIED WITH AN AC SOURCE,” and a con-
tinuation-in-part of claims priority from U.S. application Ser.
No. 12/040,741, filed Feb. 29, 2008, titled “METHOD AND
APPARATUS FOR CONTROLLING A LIFTING MAG-
NET SUPPLIED WITH AN AC SOURCE”, the entire con-

tents of which 1s hereby incorporated by reference.

BACKGROUND

1. Field of the Invention

The present invention relates to a method and apparatus for
controlling a lifting magnet of a materials handling machine
tor which the source of electrical power 1s an AC power
source.

2. Prior Art

Lifting magnets are commonly attached to hoists to load,
unload, and otherwise move scrap steel and other ferrous
metals. For many years, cranes were designed to be powered
by DC sources, and therefore systems used to control lifting
magnets were designed to be powered by DC as well. When
using a hoist, due to the nature of the overhauling load, the
torque and speed of the hoist motor need to be controlled. The
traditional approach was to control the DC motor torque and
speed by selecting resistors 1n series with the DC motor field
and armature windings by means ol contactors. In recent
years, with the advance of electronic technology in the field of
motor control, systems used to control lifting magnets,
namely cranes, are now designed to be powered by AC
sources. Cranes are now equipped with adjustable-frequency
drives, commonly referred to as AC drives, which can accu-
rately control the speed and torque of AC induction motors.
The use of AC supplies removes the costs of installing and
maintaining large AC-to-DC rectifiers, of replacing DC con-
tactor tips, and of maintaining DC motor brushes and collec-
tors. However, 1n order to use a lifting magnet on one of the
new AC supplied cranes, a rectifier needs to be added to the
crane. The rectifier that needs to be added to the crane is
generally composed of a three-phase voltage step-down
transformer connected to a six-diode bridge rectifier. The
rectifier that 1s added to the crane 1s either mounted on the
crane 1tself, where the rectifier becomes a weight constraint
and an obstruction, or the rectifier 1s mounted elsewhere 1n the
plant, 1n which case additional hot rails are required along the
bridge and trolley 1n order for the DC electrical power toreach
the DC-supplied magnet controller.

While lifting magnets have been in common use for many
years, the systems used to control these lifting magnets
remain relatively primitive. During the “Lift”, a DC current
energizes the lifting magnet in order to attract and retain the
magnetic materials to be displaced. When the materials need
to be separated from the lifting magnet, most of the control-
lers automatically apply a reversed voltage across the lifting
magnet for a short period of time to allow the consequently
reversed current to reach a fraction of the “Lift” current. The
phase during which there 1s a reversed voltage applied across
the magnet 1s known as the “Drop” phase, during which a
magnetic field in the lifting magnet of the same magnitude but
in an opposite direction of the residual magnetic field 1s
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2

produced such that the two fields cancel each other. When the
lifting magnet 1s free of residual magnetic field, the scrap

metal detaches freely from the lifting magnet. This metal
detachment 1s known as a “Clean Drop™.

Some control systems operate to selectively open and close
contacts that, when closed, complete a “Lift” or “Drop” cir-
cuit between the DC generator and the lifting magnet. At the
end of the “Lift”, which 1s called the “discharge™ and at the
end of the “Drop”, which is called the “secondary discharge”,
these systems generally use either a resistor or a varistor to
discharge the lifting magnet’s energy. The higher the resis-
tor’s resistance value or varistor breakdown voltage, the faster
the lifting magnet discharges, but also the higher the voltage
spike across the lifting magnet. High voltage spikes cause
arcing between the contacts. In addition, fast rising voltage
spikes also eventually wear out the lifting magnet insulation,
and the msulation of the cables connecting the lifting magnet
to the controller. To withstand these voltage spikes, generally
in the magnitude of 750 V DC with systems using DC mag-
nets rated at 240 V DC, the lifting magnet, cables, and the
control system contacts and other components need to be
constructed of more expensive materials, and also need to be
made larger 1n size.

Lifting magnets are rated by their cold current (current
through the magnet under rated voltage, typically 250V DC,
when the magnet temperature 1s 25° C.). These lifting mag-
nets are designed for a 75% duty cycle (1n a 10 minute period
the magnet can have voltage applied at 2350V DC for 7 min-
utes 30 seconds and the remaining 2 minutes 30 seconds the
magnet must be off for cooling or the magnet will overheat).
Today, magnet control systems are limited by the rectified DC
voltage supplying the magnet control (typically 250-350V
DC). These systems control the voltage to the magnet and as
the magnet heats up, the resistance rises and the current drops.
As a magnet heats up, the magnet loses 25-35% in lifting
capacity because the resistance of the wire increases and the
current through the lifting magnet decreases.

SUMMARY

These and other problems are solved by a new and
improved method and apparatus for controlling a lifting mag-
net using an AC source, described here.

In one embodiment, the voltage and the current are con-
trolled during the charging ofthe lifting magnet during the lift
cycle. Charging involves the phase that begins the “Lift”
mode during which the current in the lifting magnet increases.
Voltage levels up to 500V DC or more are applied to the
lifting magnet during the charge. When a current value related
to the cold current rating of the lifting magnet 1s reached, the
current 1s limited to this value until the end of the “Lift” mode.
The lifting magnet can overheat 11 the current 1s maintained at
the cold current level or higher, so after a preset time, during
which the material attaches to the lifting magnet, the voltage
on the lifting magnet 1s reduced to a holding voltage which
causes a relatively lower current than the current applied
during the “Lift” of the lifting magnet. The period during
which there 1s a holding voltage applied to the lifting magnet
1s the “Hold” mode and this “Hold” mode allows the lifting
magnet to hold the material that the lifting magnet has already
picked-up.

In one embodiment, the “Lift” mode 1s mitiated by the
operator. During the “Liit” mode, a first voltage 1s applied
across the lifting magnet. Then, the operator can select a
relatively higher voltage to continue to be applied to the
magnet in order to secure a load that has been picked up by the
magneit.
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In one embodiment, the voltage levels during “Lift” and
“Hold” modes are user-selectable.

In one embodiment, the ratio of “Lift” to “Hold” voltages
1s user-selectable, based on the type of application sought.

In one embodiment, the magnetic field 1s maintained in the
lifting magnet from the magnet’s cold state to the magnet’s
hot state during the charging of the lifting magnet. Since the
lifting magnet’s field 1s primarly controlled by NI (where
N=turns of wire and I=current), maintaiming the same current
for a cold or hot magnet maintains substantially the same
magnetic field.

In one embodiment, most of the lifting magnet energy used
during the “Lift” and the “Drop” phases 1s returned to the line
source rather than being dissipated in resistors, varistors, or
other lossy elements.

In one embodiment, 1f during “Lift” or “Drop”, the con-
troller 1s accidentally disconnected from the line, such that the
current cannot keep flowing in the lifting magnet, the voltage
across the lifting magnet sharply rises and consequently this
fast voltage rise turns one or more voltage protection devices
betore their breakover voltage 1s attaimned. In addition, the
lifting magnet controller circuitry can be protected by the use
of circuit breakers, such as, for example, a high speed breaker.

In one embodiment, switching of current for the lifting
magnet 1s provided by solid-state devices.

In one embodiment, the control system 1s configured to
increase the usetful life of the lifting magnet by reducing
voltage spikes i the lifting magnet circuit. During operation,
the instantaneous voltage across the magnet typically should
not exceed the line voltage, 1.¢., for a system rated 460V AC
RMS, peak voltage is 460xV2=650 V, whereas voltages in
prior art systems typically exceed 750 V.

In one embodiment, the control system 1s configured to
increase the useful life of the lifting magnet, by providing a
“Hold” mode that reduces magnet heating.

In one embodiment, the control system 1s configured to
save energy by providing a “Hold” mode that reduces energy
consumption.

In one embodiment, the control system 1s configured to
reduce the “Liit” time. A shorter “Liit” time helps to increase
production by reducing the lifting magnet cycle times. Using
a higher AC voltage can provide relatively shorter “Lift”
times. Some existing systems use a step-down voltage trans-
former which reduces the maximum voltage that can be
applied to the magnet during “Liit”, and therefore these sys-
tems could not lift as quickly as systems with full line AC
voltages.

In one embodiment, the control system 1s configured to
reduce the “Drop” time. A shorter “Drop” time helps to
increase production by reducing the lifting magnet cycle
times. Some existing systems use a resistor, which causes
voltage to decay with the current, leading to longer discharge
times. Using a constant voltage source to discharge the lifting,
magnet energy allows a faster discharge.

In one embodiment, the control system 1s configured to
monitor the lifting magnet resistance. Using the direct rela-
tionship between the magnet resistance and the magnet’s
winding temperature, resistance values corresponding to dif-
terent meaningiul temperature levels of the lifting magnet can
be monitored.

In one embodiment, the control system 1s configured to
indicate an alarm to the operator 11 the lifting magnet tem-
perature rises above a threshold level.

In one embodiment, the control system 1s configured to
protect and increase the usetul life of the lifting magnet by
providing a “Trip” mode, which, based on an indication of the
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lifting magnet’s temperature, determines whether the system
should directly enter “Drop” mode instead of “Lift” mode, to
reduce magnet heating.

In one embodiment, the control system 1s configured to
prevent the lifting magnet from sticking to the bottom and
walls of magnetizable containers by providing a “Sweep”
mode that reduces the voltage levels applied to the lifting
magnet during the “Lift” and “Hold” modes.

In one embodiment, a user console allow the user to specily
operating parameters and to view calculations of energy
usage and energy saved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an overhead crane with lifting magnet.

FIG. 2A shows an AC lifting magnet system.

FIG. 2B shows an AC lifting magnet system with an
optional DC Power Converter such as a DC Regulated Power
Supply.

FIG. 3 illustrates an equivalent circuit for magnet resis-
tance calculation.

FIG. 4A shows voltage and current signals as the AC mag-
net controller 1s operated through “Lift”, “Hold” and “Drop™
modes for handling scrap material, for example.

FIG. 4B shows voltage and current signals as the AC mag-
net controller 1s operated through “Lift”, “Hold” and “Drop™
modes for handling plates or slabs, for example.

FIG. 5 shows a general Sequential Function Chart (SFC).

FIG. 6 shows a flowchart for the Main SFC.

FIG. 7 shows a tlowchart for the Ready SFC.

FIG. 8 shows a flowchart for the Lift SFC

FIG. 9 shows a flowchart for the Hold SFC.

FIG. 10 shows a flowchart for the Drop SFC.

FIG. 11 shows one embodiment of the DC Regulated
Power Supply Voltage Selection.

FIG. 12 shows one embodiment of the DC Regulated
Power Supply Current Selection.

FIG. 13 shows a communication setup page for user con-
trol of the lifting magnet system.

FIG. 14 shows a first parameter setup page for user control
of the lifting magnet system.

FIG. 15 shows a second parameter setup page for user
control of the lifting magnet system.

FIG. 16 shows a monitor page for user control of the lifting
magnet system.

FIG. 17 shows an operations page for user control of the
lifting magnet system.

FIG. 18 shows an energy computation page for user control
of the lifting magnet system.

FIG. 19 shows a parameter diagram for user control of the
lifting magnet system.

DETAILED DESCRIPTION

FIG. 1 shows an overhead crane with a bridge 190 provided
to a trolley 191. The trolley 191 1s provided to a lifting magnet
113 controlled by a magnet controller 192. The lifting magnet
113 1s attached by cables to the magnet controller 192 which
controls the lifting magnet 113. The lifting magnet 113 1s
used to lift ferromagnetic materials such as, for example, one
or more steel plates, steel girders, scrap steel, etc.

FIG. 2 shows a lifting magnet controller circuit 192 that
includes a Logic Controller (LC) 100. In one embodiment,
the LC 100 can be a Programmable Logic Controller (PLC).
The LC 100 recerves input commands from an operator con-
sole 260 and provides alarm and trip relay outputs. The opera-
tor console 260 can be configured as a computer with a
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display and human interface devices (e.g., mouse, keyboard,
touchscreen, etc.). Outputs from the logic controller 100 are
provided to respective switches 101-112. The switches 101 -
103 and 110-112 are configured 1n a positive bridge 250 to
provide current to the lifting magnet 113 1n a first direction,
and switches 104-109 are configured 1n a negative bridge 251
to provide current to the lifting magnet 113 1 a second
direction. The switches 101-112 can be any type of mechani-
cal or solid-state switch device so long as the devices are
capable of switching at a desired speed and can withstand
voltage spikes. For convenience, and not by way of limitation,
FIG. 2 shows the switches 101-112 as thyristors, each having
an anode, a cathode and a gate. One of ordinary skill 1n the art
will recognize that the switches 101-112 can be bipolar tran-
sistors, msulated gate bipolar transistors, field-effect transis-
tors, MOSFETs, etc. One of ordinary skill 1n the art will also
recognize that the number of switches used can be less or
more than the twelve shown; using a greater number of
switches reduces ripple.

FIG. 2A shows the lifting magnet controller. FIG. 2B
shows one embodiment of the lifting magnet controller where
a DC Power Converter such as a DC Regulated Power Supply
400 1s used. The DC Regulated Power Supply 400 1s one
embodiment of a DC Power Converter, and 1s used as an
example and not by way of limitation.

In FIGS. 2A and 2B, the thyristors 101-112 will initially
conduct when the anode 1s positive with respect to the cathode
and a positive gate current or gate pulse 1s present. The gate
current can be removed once the thyristor has switched on.
The thyristors 101-112 will continue to conduct as long as the
respective anode remains suliliciently positive with respect to
the respective cathode to allow suificient holding current to
flow. The thyristors 101-112 will switch off when the respec-
tive anode 1s no longer positive with respect to the respective
cathode. The amount of rectified DC voltage can be con-
trolled by timing the input to the respective gate. Applying,
current on the gate without delay to the natural commutation
time will result 1n a higher average voltage applied to the
lifting magnet 113 (where natural commutation time 1s under-
stood 1n the art to be the time at which the SCRs would start
conducting 1f they were replaced by diodes). Applying cur-
rent on the gate later will result 1n a lower average voltage
applied to the lifting magnet 113. When the current 1n the
magnet needs to be turned off, the application of the current
on the gate can be further delayed to the point where voltage
across the magnet 113 reverses, restoring the magnet energy
to the AC supply. The period of time which precedes the
“Drop” mode 1s called discharge. Six thyristors, 101-103 and
110-112, are connected together to make a three-phase bridge
rectifier 250. The gating angle of the thyristors in relationship
to the AC supply voltage determines how much rectified
voltage 1s available. Converted DC voltage (V ,~) 1s equal to
1.35 times the RMS value of mput voltage (V, o) times the
cosine of the phase angle (cos a): V,_1.35xV 5, .XC0s .
The value of the DC voltage that can be obtained from a 460
V AC mput 1s thus -621V DC to +621V DC. The addition of
the second, negative bridge 251 (i.e., connected 1n reverse
with respect to the first positive bridge 250) in the circuit
allows for four-quadrant operation. The positive bridge 250
charges the lifting magnet 113 during the “Lift” mode and
returns energy from the lifting magnet 113 back to the AC
input during discharge. This four-quadrant circuit can also be
used to demagnetize the lifting magnet 113 by applying volt-
age 1n the opposite polarity by using the negative bridge 251
as the bridge used to bring voltage to the lifting magnet 113
and returning energy to the AC input ({or example, at the end
of “Drop”). The time during which the negative bridge 251
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restores energy from the magnet back to the AC input 1s called
the secondary discharge. Those skilled 1n the art will recog-
nize that the polarity of the lifting magnet 113 1s reversible,
such that the positive bridge 250 can be used to demagnetize
the lifting magnet 113 during the “Drop” mode and the nega-
tive bridge 251 can be used to magnetize the lifting magnet
113 during the “Liit” mode; the previous directions have been
described for convenience. It will also be apparent to one
skilled 1n the art that the use of three-phase power i1s not
necessary for all cycles.

The thyristors 101-112 act as transient protection devices
themselves, and prevent failures 1n the DC Regulated Power
Supply 400 or in the AC input power from damaging compo-
nents 1n the DC Regulated Power Supply 400 by conducting
betfore the output voltage of the supply rises above the brea-
kover voltage of the thyristors by freewheeling the magnet
coil. The thyristors 101-112 are usually chosen so that their
breakover voltage 1s higher than the greatest voltage expected
to be experienced from the power source, so that they can be
turned on by intentional voltage pulses applied to the gates. IT
other types of switches are used, those skilled in the art will
recognize that transient protection devices can be added to
protect against voltage spikes.

FIG. 3 shows the actual and equivalent circuits used for
magnet resistance calculation. Overheating of the lifting
magnet 113 can lead to melting or short-circuits, and aneed to
rewind the lifting magnet 113. The internal temperature of the
lifting magnet 113 can be measured by a thermistor or other
temperature sensor, 1f such a device was embedded 1n the
lifting magnet 113 during the process of magnet winding. In
one embodiment, the temperature of the lifting magnet 113 1s
calculated by measuring the electrical resistance 301 of the
magnet 113 because the resistance 301 of the lifting magnet
113 is substantially proportional to the temperature of the
lifting magnet 113. The magnet resistance 301 1s calculated
based on readings of voltage and current across the lifting
magnet 113 or across the load side of the DC Regulated Power
Supply 400 and by taking into account the resistance 302 of
the cables. The resistance 302 of the cables can either be (1)
calibrated out, (2) measured and subsequently subtracted
from the total resistance reading, or (3) disregarded 1f the
resistance 302 1s assumed to be small in relation to the magnet
resistance 301. The cables are not expected to get hot because
of the low value of their resistance 302 and their exposure to
air. However, the lifting magnet 113 gets hot because of the
relatively high density of windings in relation to the surface
area available for cooling (typically, cooling 1s achieved by
natural convection). Lifting magnets are generally designed
for a resistance increase of about 50% when they get hot. The
formula to calculate the magnet resistance 301 at a given
temperature 1s: R =R, (1+K A0), where R,=cold resistance
of the lifting magnet 113, in €2, K=temperature coellicient of
the magnet 113 (typically 0.004 €2/° C. for a copper- or
aluminum-wound magnet), and AO=change in temperature,
in ° C.

The lifting magnet’s calculated resistance 301 1s compared
to two parameters: the “Alarm resistance™ and the “Irip resis-
tance”. The “Alarm resistance” 1s a threshold value which, 1t
exceeded, triggers the system to provide an alarm to warn the
operator to erther turn off the lifting magnet 113 or to indicate
that the system 1s picking up materials which are too hot, or
that the cable 1s partially cut, or that a connection 1s loose. The
“Trip resistance” 1s a threshold value which, 11 exceeded,
triggers the system to protect the lifting magnet 113 from
overheating. When the trip resistance 1s exceeded, the system
activates a trip relay. If the trip relay 1s activated when the
system 1s 1n “Hold” mode, the system will continue through
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the normal modes of operation of “Hold” and “Drop”. How-
ever, 1f the Trip relay 1s activate when the operator requests a
“Laft”, the system will not enter 1into “Lift” mode and instead
g0 directly to “Hold” mode.

FIG. 4A shows voltage and current during the “Lift”,
“Hold” and “Drop” modes for applications such as scrap
material handling. The “Liit” mode 1s initiated by the opera-
tor. During the “Liit” mode, the positive bridge 250 applies a
relatively high voltage level across the lifting magnet 113
until the current reaches the limiting current for the lifting
magnet 113 through the positive bridge 250. The “Liit” mode
lasts long enough to charge the lifting magnet 113 yet 1s short
enough to prevent overheating of the lifting magnet 113. The
length of time for the “Liit” mode will vary based on the time
constant of the lifting magnet 113, the desired current for the
lifting magnet 113 and the voltage applied to the lifting mag-
net 113. Durning the charge, the first portion of the “Lift”
mode, there 1s a relatively high average voltage applied to the
lifting magnet 113 (typically adjusted around 500V for an AC
supply of 460V AC) and the current rises relatively fast. Once
the current has risen, then the current 1s limited and held at a
plateau for a specified time to allow magnetic field to build up.

The “Hold” mode 1s mitiated automatically after a speci-
fied time 1n “Lift” mode. During the “Hold” mode, the posi-
tive bridge 250 applies a different (lower) voltage level across
the lifting magnet 113, for as long as the operator needs in
order to move the load. The “Hold” voltage 1s set below the
lifting magnet 113 rated voltage, and the lifting magnet 113 1s
thus expected to cool down somewhat during the “Hold”
mode. In other words, for safety reasons, an energized lifting
magnet 113, possibly carrying an overhead load, 1s not made
to automatically shut down. Because of the reduced voltage
level, 1n “Hold” mode, the current decreases to a second lower
plateau. Under normal conditions, in the “Hold” mode, the
load has already been attracted, air gaps are at a relatively low
level, and therefore, less magnetic flux 1s required to keep the
load attached. Therefore, the current and the magnetic field
across the lifting magnet 113 can be reduced. Atthe end of the
“Hold” mode, the firing angle of the thyristors phases back
and energy from the lifting magnet 113 1s returned to the AC
input until current reaches zero.

The “Drop” mode 1s initiated by the operator and causes the
“Liit” or “Hold” mode to terminate. During the “Drop” mode,
the positive bridge 250 thyristors’ firing pulses get delayed to
cause the polarity of voltage across the lifting magnet 113 to
reverse. After the current from the “Drop” mode or the “Hold”
mode reaches zero, the negative bridge 251 applies a voltage
of reverse polarity across the lifting magnet 113, 1.e. reverses
the sense o voltage signal until the current reaches the current
limit for the lifting magnet 113 through the negative bridge
251. The “Drop” mode expires aiter yet another specified
time. During the “Drop” mode, the current value 1s specified
such as to produce a magnetic field 1n the lifting magnet 113
that 1s of the same magnitude but 1n an opposite direction of
the residual magnetic field across the lifting magnet 113, such
that the two fields cancel each other. When the lifting magnet
113 1s free of residual magnetic field, the load detaches freely
from the lifting magnet 113.

In FIG. 4A, during phase 0, the lifting magnet 113 1s 1dle.
Phase 1 represents the “Lift” mode during voltage regulation,
where the voltage can be adjusted to a relatively high value in
order to magnetize the lifting magnet 113 relatively quickly.
Phase 2 represents the “Lift” mode during current limiting,
where the current limit can be adjusted close to the cold
current rating for the lifting magnet 113. Phase 3 represents
the “Hold” mode, during which the current 1s adjusted to be a
portion of the cold current such that the lifting magnet 113
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does not warm up, while still holding the load; the magnitude
of the current during the “Hold” mode can be adjusted such as
to compensate for the amount of magnetic hysteresis. Phase 4
represents the “Drop” mode during transient, where the cur-
rent 1s adjusted to compensate for the magnetic hysteresis.
Phase 5 represents the “Drop” mode, where both current and
voltage are held constant, in order to match the magnetic time
constant of the lifting magnet 113.

FIG. 4B shows voltage and current during the “Liit”,
“Hold” and “Drop” modes for applications such as handling
of slab or plates material. The “Lift” mode 1s mitiated by the
operator. During the “Lift” mode, the positive bridge 250
applies a preset voltage level across the lifting magnet 113.
The length of time for the “Lift” mode will vary based on the
time constant of the lifting magnet 113. During the charge, the
slab or plates attach to the lifting magnet 113. After the
charge, the operator starts to hoist the lifting magnet 113 for
a few feet. If the operator wishes to hoist the load further, then
the operator can apply a relatively higher voltage to the lifting
magnet 113 during the “Hold” mode 1n order to maintain the
load attached to the lifting magnet 113. The “Drop” mode
operates the same for this slab or plates’” maternial application
as 1t does for the scrap materials handling application.

In FIG. 4B, during phase 0, the lifting magnet 113 1s 1dle.
Phase 1 represents the “Liit” mode where a preset voltage 1s
applied to the lifting magnet 113. Phase 2 represents the
“Hold” mode, during which the operator selects a relatively
higher voltage to apply across the lifting magnet 113. Phase 4
represents the “Drop” mode during transient, where the cur-
rent 1s adjusted to compensate for the magnetic hysteresis.
Phase 5 represents the “Drop” mode, where both current and
voltage are held relatively constant, in order to match the
magnetic time constant of the lifting magnet 113.

In addition to the above three modes, there 1s a “Sweep”
mode, which 1s optionally activated by the operator. The
“Sweep” mode 1s for applications where the rail car or con-
tainer to be unloaded has 1ts bottom or walls formed of mag-
netic material. When unloading 1s almost complete, to pre-
vent the lifting magnet 113 from sticking to the bottom or
walls of the rail car or container, a “Sweep” switch can be
activated by the operator to reduce the “Liit” and “Hold”
voltages. The reduced voltage across the lifting magnet 113
prevents the magnetized load from attaching to the bottom or
walls of the rail car or container while the lifting magnet 113
1s unloading.

In one embodiment, the “Lift”, “Hold”, “Drop” and
“Sweep” modes of the magnet controller circuit described
above, used to control the lifting magnet 113, can be con-
trolled through the use of the Logic Controller (LC) 100.

The logical programming of the LC 100 1s represented 1n
sequential function charts (SFC). SFC1s a graphical program-
ming language used for logical controllers, defined 1n IEC
848. SFC can be used to program processes that can be split
into steps.

FIG. 5 shows a general SFC. Main components of SFC are:
steps with associated actions, transitions with an associated
logic condition or associated logic conditions, and directed
links between steps and transitions. Steps can be active or
iactive. Actions are executed for active steps. A step can be
active for one of two motives: (1) the step 1s an 1nitial step as
specified by the programmer, (2) the step was activated during
a scan cycle and was not deactivated since. A step 1s activated
when the steps above that step are active and the connecting
transition’s associated condition 1s true. When a transition 1s
passed, the steps above the transition are deactivated at once
and the steps below the transition are activated at once.
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An SFC program has three parts: (1) preprocessing, which
includes power returns, faults, changes of operating mode,
pre-positioning ol SFC steps, mput logic; (2) sequential pro-
cessing, which includes steps, actions associated with steps,
transitions and transition conditions; and (3) post-processing,
which includes commands from the sequential processing for
controlling the outputs and safety interlocks specific to the
outputs.

FIG. 6 shows a flowchart for the Main SFC. In FIG. 6, step

“10 Main” has no associated actions and the transition to step
“20 Ready™ 1s true. Step “10 Main” can be accessed either 1f
a “Drop” mput 1s received by the operator while 1n step “20
Ready” or when the SFC 1s mitialized. Step “20 Ready”™ 1s
initiated either automatically after step “10 Main™ or after a
preset time TM2 1n step “50 Drop™. Step “20 Ready” starts the
Ready SFC. From step “20 Ready”, a “Drop” command by
the operator calls step 10. Step “30 Liit” starts the Liit SFC.
“Laft” 1s imtiated by a lift command from steps “20 Ready™ or
“50 Drop”. Step “40 Hold” 1s 1nitiated either automatically
after a preset time ' TM1 1n step “30 Liit”, or immediately after
a “Liit” mput 1n step “20 Ready” i1 the magnet temperature
trip relay 1s active. Step “40 Hold” mitiates the Hold SFC.
Step “S0 Drop” 1s mitiated by a “Drop” rising edge from
either step “30 Lift” or “40 Hold”, and step “50 Drop” 1ni-
tiates the Drop SFC.

FIG. 7 shows a tlow chart for the Ready SFC. Step “21
Ready™ 1s the mitialization step. Step “21 Ready” will be
active when the Main SFC 1s not 1n step “20 Ready”. Step “21
Ready™ 1s not associated with any actions. Step “20 Ready”
getting active 1 the Main SFC causes transition X20 to be
true and to make step “22 Run OII” active. Once step “20
Ready™ 1s active, unless step “20 Ready” stops to be active
and causes X20 to be true and the SFC to return to step “21
Ready”,] the SFC stays 1n step “22 Run O11”. While the SFC s
in step “22 Run Of1”, the LC 100 sends commands to the
control circuitry to turn off the current in the magnet 113.
From step “22 Run OfI”, the SFC transitions to step “23
Voltage Selection 1 Off” when the Send Command Done 1s
true, and the SFC transitions from step “23 Voltage Selection
1 OIf” to step “24 Negative Bridge Off” when the Send
Command Done 1s true. From step “24 Negative Bridge O11”,
the SFC transitions to step “27 Done” when the Send Com-
mand Done 1s true.

FI1G. 8 shows a flowchart for the Lift SFC. The first step to
be activated, “32 Run On”, 1s to reduce to a minimum the
delay time between the activation of the “Lift” mput by the

operator and the response by the circuitry. Steps “35 Negative
Bridge O11” and ““36 Voltage Selection 1 O1f” are used 1f the

step betore “30 Lift” was “3S0 Drop” in the Main SFC and the
Send Command Done 1s true. “Sweep” 1s a switch that can be
toggled by the operator. If “Sweep™ 1s on, “Voltage Selection
2” and “Current Limit Selection 2” are on, and the system
selects the second set of voltage references and the second
current limit. If “Sweep™ 1s ofl, “Voltage Selection 2” and
“Current Limit Selection 2” are off, and the system selects the
primary set of voltage references and the primary current
limat.

FI1G. 9 shows a flow chart for the Hold SFC. Step “41 Hold”
1s the mitialization step. Step “40 Hold™” getting active 1n the
Main SFC causes transition X40 to be true and to make step
“42 Voltage Selection 1 On” active. Once the step “42 Voltage
Selection 10n” 1s active, unless step “40 Hold™ stops to be

active and causes X40 to be true and the SFC to return to step
“41 Hold”, the SFC stays 1n step “42 Voltage Selection1 On”.
While the SFC 1s 1n step “42 Voltage Selection 1 On”, the LC

100 sends commands to control the lifting magnet circuitry.

10

15

20

25

30

35

40

45

50

55

60

65

10

The SFC transitions from step “42 Voltage Selection 1 On”
to step “49 Run On” when Send Command Done 1s true. The
SFC transitions from step “49 Run On” to step “90 Negative
Bridge O1if” when Send Command Done 1s true. The SFC
transitions from step “90 Negative Bridge O1f” to step “43
Ready” when Send Command Done 1s true. Once the SFC 1s
in step “43 Ready™, after the timer TM3 elapses, the voltage
and current across the lifting magnet 113 are stabilized and
the LC 100 gets updates from the system for readings of Volts
across the lifting magnet 113 and Amps going across the
lifting magnet 113. Based on those readings, the LC 100
calculates the magnet resistance and determines whether or
not the alarm resistance 1s exceeded, and whether or not the
trip resistance 1s exceeded. Each of these updates 1s requested
alter the previous update 1s done.

FIG. 10 shows a flow chart for the Drop SFC. Step “50
Drop” getting active in the Main SFC causes transition X350 to
be true and to make step “52 Negative Bridge On” active. In
step 52 Negative Bridge On”, the system selects the negative
bridge 251. The current limit for the negative bridge 251 1s set
at a fraction of the current limit for the positive bridge 250.
Then, 1n step “55 Voltage Selection 1 O1f”, voltage selection
1s reset. The system remains 1n “Drop” mode until the Main
SFC exits step “50 Drop™ either after timer TM2 expires or
when a “Liit” command 1s requested by the operator.

In one embodiment, the circuitry used to control the lifting,
magnet 113 can be obtained by appropriately programming a
DC Regulated Power Supply 400, normally used to control
motors. The LC 100 can be set up with access to the DC
Regulated Power Supply 400 logic, allowing the setting of
parameters to be changed to suit different operating condi-
tions.

In one embodiment, the the Mentor II DC Drive manufac-
tured by Control Techniques of Minnesota, United States can
be used as the DC Regulated Power Supply.

The thyristors 1n the DC Regulated Power Supply 400 are
fired when the “Run ON” command 1s sent during step *“32
Run On” of the Lift SFC.

During the “Lift” mode, the positive bridge 250 applies the
voltage from the DC Regulated Power Supply 400, usually set
around S00V DC across a 240V DC rated lifting magnet 113
to boost the charge until the current gets limited by the lim-
iting current for the lifting magnet 113. In addition, the “Lift”
time 1s controlled by the value 1n timer TM1 of the LC 100.

During the “Hold” mode, the positive bridge 250 applies a
voltage of around 180V DC across a 240V DC rated magnet
113. This holding voltage i1s adjustable and set 1n the LC 100.
In addition, after being in “Hold” mode for about 5 seconds,
as preset in timer TM3 of the LC 100, and periodically at each
period of time preset in timer TM3, the LC 100 reads the
current and voltage across the DC Regulated Power Supply
400.

During the “Drop” mode, the negative bridge 251 1s turned
on by changing the value i1n parameter “Bridge Selector”,
shown in FI1G. 11. During the “Drop” mode, the current can be
limited by the parameter “Current Limit for Negative Bridge”
shown 1n FIG. 12. In addition, the time for the “Drop” mode
1s preset by parameter TM2.

During the “Sweep” mode, depending on whether a
“Sweep” command 1s received by the operator at the LC 100,
“Voltage Selection 27 1s set to on or oif 1n the DC Regulated
Power Supply 400. IT “Sweep” 1s off, “Voltage Selection 27 1s
oil, as shown in FIG. 11. Therefore, the reference voltages 1n
“Voltage Reference 17 and “Voltage Retference 27 of the DC
Regulated Power Supply 400 are respectively selected during
“Lift” and “Drop”, depending on the value of “Voltage Selec-
tion 1”. On the other hand, 11 “Sweep™ 1s on, “Voltage Selec-
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tion 2” 1s enabled. By enabling “Voltage Selection 2, the
“Voltage Reference 37 and “Voltage Retference 4™ of the DC
Regulated Power Supply 400 are respectively selected during
“Liit” and “Drop”, again, depending on the value of “Voltage
Selection 17. Furthermore, during the “Sweep” mode, the

current 1s limited by parameter “Current Limit 2”, as shown in

FIG. 12.

It will be apparent to those skilled 1n the art how the “Lift”
and “Hold” modes described above function when the system
1s used 1n a slab or plates material handling application, and
the voltage levels are adjusted accordingly.

The temperature protection for the lifting magnet 113 1s
controlled through the use of parameters “Alarm Resistance™
and “Trip Resistance”. The resistance value at which the
system activates an alarm relay during the “Hold” mode 1s set
into parameter “Alarm Resistance”, based on the lifting mag-
net 113 manufacturer’s rated hot current. The resistance value
at which the system activates a trip relay 1s set into parameter

“Trip Resistance”, based on the insulation class temperature
of the lifting magnet 113. When the resistance 301 of the
lifting magnet 113 exceeds the value set in parameter “Irip
Resistance”, the next cycle begins directly i “Hold” mode.
When the lifting magnet 113 cools down and 1ts resistance
value 301 becomes less than the value set in parameter “Trip
Resistance”, then the system enters “Lift” mode again. Cable
ohmic resistance 302 of the wiring between the lifting magnet
113 and the LC 100 1s set in parameter “Wiring Resistance”.
To calculate the magnet resistance, the LC 100 divides the
voltage by the current and then subtracts the value set in
“Wiring resistance”.

In addition to the above parameter settings, some param-
cters 1n selected DC Regulated Power Supplies can be
adjusted to accommodate for highly inductive loads like the
lifting magnet 113. Generally, voltage loop and current loop
PID gain circuitries need to be optimized, current feedback
resistors scaled to accommodate for the inductance of the
magnet 113, and a safety margin of 1 supply cycle added to
the bridge changeover logic to prevent shorting the line by
having a thyristor in one bridge firing while another thyristor
in the other bridge were still conducting.

FIG. 13 shows a communication setup page 1300 for dis-
play on the operator console 260 for user control of the lifting
magnet system. The communication setup page 1300
includes a communication selection control to allow the user
to select the communication system (e.g., Ethernet, serial bus,
etc.) used for communication between the operator console
260 and the control system 100. Depending on the type of
communication system chosen, the user can also specily vari-
ous communication parameters such as, for example, port
number, bit rate, drive address, polling interval, IP address,
transmission timeout, etc. FIG. 14 shows a {first parameter
setup page 1400 for display on the operator console 260 for
user control of the lifting magnet system. The page 1400
includes dialog controls to allow the user to specity the oper-
ating parameters listed 1n Table 1.

TABLE 1
Parameter
ID Description Units
15.18 Cold Current Amps
15.06 Normal mode: Lift Voltage (e.g., the voltage during  Volts
phase 1 described 1n connection with in FIG. 4A)
15.07 Normal mode: Lift Current Limit (e.g., the current Amps

during phase 2 described in connection with in FIG.
4A)
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TABLE 1-continued

Parameter

ID Description Units

15.08 Normal mode: Economy Voltage (e.g., the voltage Volts

during phase 3 described in connection with in FIG.
4A)

Normal mode: Drop Voltage (e.g., the voltage
during phase 4 described 1n connection with in FIG.
4A)

Normal mode: Drop Current Limuit (e.g., the current
during phase 5 described 1n connection with in FIG.
4A)

Normal mode: Lift “Pick™ Time (e.g., the time
corresponding to the combination of phase 1 and
phase 2 in FIG. 4A)

Normal mode: Drop “Clean” Time (e.g., the time
corresponding to the combination of phase 4 and
phase 5 1n described in connection with 1n FIG. 4A)
Sweep mode: Lift Voltage (e.g., the voltage during
phase 1 described in connection with in FIG. 4B)
Sweep mode: Lift Current Limit (e.g., the current
during phase 2 described 1n connection with in FIG.
4B)

Sweep mode: Economy Voltage (e.g., the voltage
during phase 3 described in connection with in FIG.
4B)

Sweep mode: Drop Voltage (e.g., the voltage during
phase 4 described in connection with i FIG. 4B)
Sweep mode: Drop Current Limit (e.g., the current
during phase 5 described 1n connection with in FIG.
4B)

Sweep mode: Lift “Pick” Time (e.g., the combined
time of phase 1 and phase 2 described in connection
with in FIG. 4A)

Sweep mode: Drop “Clean” Time (e.g., the
combined time of phase 4 and phase 5 1n FIG. 4B.)
Resistance alarm set point

Resistance Trip set point

Cable Resistance (e.g., the resistance 302 shown 1n

FIG. 3.)

15.09 Volts

15.10 Amps
15.11

Seconds

15.12 Seconds

16.06 Volts

16.07

16.08 Volts

16.09 Volts

16.10 Amps

16.11 Seconds

16.12 Seconds
07.08
07.09
07.10

1T1S
TIT1S
1T1S

© 00

FIG. 15 shows a second parameter setup page 1500 for
display on the operator console 260 for user control of the
lifting magnet system. The parameter page 1500 allows the
user to specily parameters corresponding to dribble/plate
options wherein multiple objects (e.g., steel plates) are
dropped in sequence. The page 1500 includes a dialog control
to allow the user to specily a Parameter 15.14 that specified a

dribble mode. Other dialog controls allow the user to specity
Parameters 15.08, 15.29, 15.16-15.20, 16.01, and 16.16-
16.21. The dribble modes can include one or more of the
following 6 modes:

1. Dribble Disabled.

2. Press and Release of the Dribble button causes the mag-

net voltage to ramp down to zero at arate specified by the
Parameter 15.16 (volts/second). Pressing the DROP but-
ton overrides and 1nverts this function.

3. Press and hold of the Dribble button begins the ramp to
zero. Releasing the Dribble button stops the ramp and
holds at the present voltage level. Press and hold the
Dribble button again causes the voltage to continue to
ramp down from current voltage level. Pressing the
DROP button overrides and inverts this function.

4. Press and release of the Dribble button begins a ramp to
zero. The next press and release of the Dribble button
stops the ramp and holds at current voltage level. The
next press and release of the Dribble button continues
the ramp from he current voltage level. Future presses
and releases cycle the ramp on and off. Pressing the
DROP button overrides and inverts this function.

5. Press and hold of the PLATE button begins a ramp to
zero. Release of the PLATE button stops the ramp, saves
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the current voltage value, and increases hold voltage by
a preset value specified by the Parameter 15.19 (e.g., OV
to 100V). The increased hold voltage does not exceed
original voltage setting. Press and hold the PLATE but-
ton again to continue the ramp from the saved voltage
level. Pressing the DROP button overrides and inverts
this function.

6. Press and Release of the PLATE button begins a ramp to

N B

zero. A subsequent press and release of the PLATE
button stops the ramp, saves the current voltage value,
and increases the hold voltage by a preset value specified
by the Parameter 15.19. Increased hold voltage does not
exceed the original voltage setting. Future presses of the

PLATE button cycle the ramp on and off from the saved
voltage levels. Pressing the DROP button overrides and
inverts this function.

7. Press and Release of the Plate button drops the voltage to

a first preset voltage level specified by a Parameter
16.16. After a time delay specified by a Parameter 15.20
(e.g., 0 to 25.5 seconds) the voltage 1s raised by a preset
value specified by the Parameter 15.19. The increased
hold voltage does not exceed the original voltage setting.
Second press and release drops voltage to second preset
voltage level specified by a Parameter 16.17. The time
delay 1s again applied and then the voltage 1s raised to the
increased hold voltage. Further presses of the PLATE
button drop the voltage to third, forth, and fifth preset
voltage levels specified by Parameters 16.18,16.19, and
16.20, respectively. Pressing the DROP button overrides
and 1nverts this function.

In one embodiment, the dribble/plate modes 4, 5, and/or 6
are stopped and the system returns to full hold voltage when
the bridge/trolley Parameter 16.21 1s set true (e.g., a user
dialog checkbox corresponding to the Parameter 16.21 1is
checked) and the bridge 190 or trolley 191 moves.

Although the dribble/plate modes are normally used during
drop, in one embodiment, the dribble/plate modes can be used
in lift to allow an operator to pick up a desired number of
plates or objects.

Using a checkbox corresponding to Parameter 15.29, the
user can 1nstruct the system to use an adjusted lift voltage
where the lift voltage 1s set using a potentiometer or other user
control corresponding to Parameter 15.08. The economy hold
voltage (e.g., the voltage used during phase 3 of FIGS. 4A and
4B 1s specified by the Parameter 15.08.

FIG. 16 shows a monitor page 1600 for display on the
operator console 260 for user control of the lifting magnet
system. The monitor page 1600 displays various status and
diagnostic values parameters such as, output voltage to the
magnet (Parameter 03.04), output current to the magnet (Pa-
rameter 05.02), mput voltage (Parameter 07.06), magnet
resistance (Parameter 03.14). The monitor page also indicates
the ofl/on status of various modes and settings, such as: run
mode, lift mode, drop mode, sweep mode, bridge/trolley
override, dribble/plate mode, enable. The monitor page
includes a trip indicator and display showing a trip code 1610.

In one embodiment, the trip codes 1610 include one or
more of the following conditions: Hardware Fault, Phase
Sequence error, External Trip, External Power Supply error,
Current (Control) Loop Open Circuit, Serial Communica-
tions Link (Interface) Loss, Field Overcurrent, Magnet Over-
heat, Field On, Feedback Reversal, Field Loss, Feedback
Loss, Power Supply Loss, Overcurrent. Current * Time Trip
(e.g., current * time has exceeded the defined threshold),
Thermistor Overheat (Thermal Switch), EEprom Failure,

Software Error, RS485 Trip, and/or Communication Error.
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FIG. 17 shows an operations page 1700 for display on the
operator console 260 for user control of the lifting magnet
system. The operations page 1700 includes dialog displays to
show the following: total number of operations, total time of
magnet operation, total power-up time. For normal mode, the
operations page 1700 includes dialog displays to show: num-
ber of operations, lift time, economy time (e.g., phase 3 time),
and drop time. For sweep mode, the operations page 1700
includes dialog displays to show: number of operations, liit
time, economy time (e.g., phase 3 time), and drop time. The
operations page 1700 includes dialog buttons to allow the
user to reset the operations counters, operation times, and
power-up timer.

FIG. 18 shows an energy computation page 1800 for dis-
play on the operator console 260 for user control of the lifting
magnet system 100. The energy page 1800 includes dialog
displays to allow the user to compare energy usage of the
magnet controller 100 with energy usage of a prior system
and thereby allow the user to assess the energy cost savings of
the magnet controller 100. The energy page 1800 includes
dialog controls to allow the user to specity the parameters of
the prior system. These prior system parameters include:
normal mode lift voltage, normal mode hold voltage, normal
mode drop voltage, normal mode lift time, normal mode drop
time, normal mode dropping resistor value, sweep mode lift
voltage, sweep mode hold voltage, sweep mode economy
time, sweep mode lift time, and sweep mode drop time. The
energy computation page 1800 also includes a dialog control
1801 to allow the user to specily the cost of energy.

The energy computation page 1800 includes dialog dis-
plays to show energy computations, including: energy usage
by the controller 100, calculated energy usage 11 the prior
system had been used instead of the controller 100, energy
savings of the controller 100 1n kWHr, energy savings of the
controller 100 1n dollars.

FIG. 19 shows a parameter diagram 1900 for display on the
operator console 260 for user control of the lifting magnet
system. In one embodiment, the parameter diagram 1900
corresponds to the voltage and current diagram 1n FIG. 4A
with corresponding labels for the normal mode parameters
15.06-15.12 discussed in connection with the setup page
1400 of FIG. 14. In one embodiment, the parameter diagram
1900 corresponds to the voltage and current diagram 1n FIG.
4B with corresponding labels for the sweep mode parameters
16.06-16.12 discussed 1n connection with the setup page
1400 of FIG. 14. In one embodiment, the user can select
between diagrams corresponding to normal mode and sweep
mode.

In one embodiment, the user console provides three levels
of security. In one embodiment, the different levels are pass-
word protected. In one embodiment, the levels are protected
using different passwords. A first security level (Level O)
provides only read-only access. A second security level
(Level 1) provides read/write access to the various parameters
except for the parameters on the energy page 1800. A third
security level (Level 2) provides read/write access to all
parameters.

Itwill be evident to those skilled 1n the art that the invention
1s not limited to the details of the foregoing illustrated
embodiments and that the present invention may be embodied
in other specific forms without departing from the spirit or
essential attributed thereof; furthermore, various omissions,
substitutions and changes may be made without departing
from the spirit of the inventions. The foregoing description of
the embodiments 1s, therefore, to be considered 1n all respects
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2. The lifting magnet system of claim 1, wherein said
thyristors prevent damage to themselves by automatically
conducting before the voltage across the electromagnet rises
above the breakover voltage of said thyristors.

15

as 1llustrative and not restrictive, with the scope of the mven-
tion being delineated by the appended claims and their
equivalents.

What 1s claimed 1s:

1. A lifting magnet system, comprising:

a three-phase AC power source;

a positive bridge circuit comprising six thyristors, wherein
a first pair of thyristors are arranged 1n series with a first
phase of said three-phase AC power source, a second
pair of thyristors are arranged 1n series with a second
phase of said three-phase AC power source, and a third
pair of thyristors are arranged 1n series with a third phase
of said three-phase AC power source wherein during lift,
said positive bridge circuit 1s configured to generate a
first voltage, and during hold, said positive bridge circuit
1s configured to generate a second voltage less than said
first voltage, 1n a sweep mode, said positive bridge cir-
cuit 1s configured to generate a third voltage during

10
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3. The lifting magnet system of claim 1, wherein the brea-

kover voltage of said thyristors 1s higher than the greatest
voltage expected to be experienced from the power source.

4. The lifting magnet system of claim 1, wherein said

console allows said user to select a dribble/plate mode.

5. The lifting magnet system of claim 1, wherein said

console allows said user to select a dribble ramp rate.

6. The lifting magnet system of claim 1, wherein said

console displays energy saved by the lifting magnet system.

7. The lifting magnet system of claim 1, wherein a user can

specily stepped voltages for use 1n a dribble mode.

8. A control system for lifting magnet, comprising:
a first bridge comprising a plurality of switches wherein

said plurality of switches 1n said first bridge comprise at

sweep lift that is less than said first voltage and a fourth 20 least a first serial pair of switches configured to transmit
voltage during sweep hold that is less than said second current 1n a first direction wherein during lift, said first
voltage; bridge 1s configured to generate a first voltage, and dur-
a negative bridge circuit comprising six thyristors, wherein ing hold, said first bridge 1s configured to generate a
a fourth pair of thyristors are arranged 1n series with said second voltage less than said first voltage, 1n a sweep
first phase of said three-phase AC power source, a fifth 25 mode, said first bridge circuit 1s configured to generate a
pair of thyristors are arranged 1n series with said second third voltage during sweep lift that 1s less than said first
phase of said three-phase AC power source, and a sixth voltage and a fourth voltage during sweep hold that 1s
pair of thyristors are arranged 1n series with a third phase less than said second voltage;
of said three-phase AC power source, a second bridge comprising a plurality of switches wherein
wherein said first pair of thyristors of said positive bridge 30 said plurality of switches 1n said second bridge comprise
circuit are arranged in parallel with said fourth pair of at least a second serial pair of switches configured to
thyristors of said negative bridge circuit, said second transmit current in a second direction, wherein the first
pair of thynistors of said positive bridge circuit are and second serial pairs of switches are further arranged
arranged 1n parallel with said fifth pair of thyristors of in parallel; and
said negative bridge circuit, and said third pair of thyris- 35  a logic controller controlling said first bridge and said
tors of said positive bridge circuit are arranged 1n paral- second bridge, during lift said logic controller control-
lel with said sixth pair of thyristors of said negative ling the switches 1n the first bridge 1n repeating sequence
bridge circuat; to output substantially direct current to the lifting mag-
an electromagnet; net and to apply the first voltage to the lifting magnet to
a logic controller controlling said positive bridge circuit 40 charge the lifting magnet,
and said negative bridge circuit, during lift said logic during hold said logic controller controlling the switches 1n
controller controlling the thyristors in the positive bridge the first bridge 1n repeating sequence to output substan-
circuit 1in repeating sequence to output substantially tially direct current to the lifting magnet and to apply the
direct current to the electromagnet and to apply said first second voltage to the lifting magnet lower than the first
voltage to the electromagnet to charge the electromagnet 45 voltage applied during lift to prevent damage to the
rapidly, during hold said logic controller controlling the lifting magnet,
thyristors 1 the positive bridge circuit in repeating during sweep lift, said logic controller controlling said
sequence to output substantially direct current to the switches 1n said first bridge in repeating sequence to
clectromagnet and to apply said second voltage to the apply said third voltage to said lifting magnet that is less
clectromagnet that 1s less than the first voltage applied 50 than said first voltage,
during lift in order to prevent damage to the electromag- during sweep hold, said logic controller turther controlling,
net, said switch to apply a fourth voltage to said lifting mag-
during sweep lift said logic controller controlling said thy- net that 1s less than said second voltage,
ristors 1n said positive bridge circuit in repeating during drop said logic controller controlling the switches in
sequence to apply said third voltage to said electromag- 55 the second bridge 1n repeating sequence to output sub-
net that 1s less than said first voltage, stantially direct current to the lifting magnet and to apply
during sweep hold said logic controller further controlling, a voltage to the lifting magnet that 1s the reverse of the
said thyristors to apply a fourth voltage to said electro- first voltage applied during lift to demagnetize the lifting
magnet that 1s less than said second voltage, magnet wherein a user specifies one or more operating
during drop said logic controller controlling the thyristors 60 parameters for a normal mode, one or more operating

in the negative bridge circuit 1n repeating sequence to
output substantially direct current to the electromagnet
and to apply a voltage to the electromagnet that 1s the
reverse ol the voltage applied during lift to demagnetize
the electromagnet; and

a user console to allow a user to specily said sweep mode
applied during lift.

65

parameters for the sweep mode, and where the user can
select from a plurality of dribble/plate modes.
9. The control system of claim 8, wherein said switches

comprise thyristors.

10. The control system of claim 8, wherein said switches

are turned on before the voltage across the lifting magnet rises
above the drain-source voltage of said switches.
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11. The control system of claim 8 where the voltage applied 14. The control system of claim 8 where the voltage applied
during lift is different than the voltage applied during hold. during lift 1s at least twice the voltage applied during hold.

15. The control system of claim 8 where the voltage applied
during lift and the voltage applied during hold are user-se-
5 lectable.

12. The control system of claim 8 where the voltage applied
during liit 1s greater than the voltage applied during hold.

13. The control system of claim 8 where the voltage applied
during lift 1s less than the voltage applied during hold. £k & k%
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